Abstract: An adaptive X°°control for systems with input nonlinearity is proposed in this paper. It is assumed that the dead-zone and hysteresis models can be described as unknown parameters term and bounded disturbance term, an adaptive X°°control method is given. Proposed control strategy does not include a discontinuous function, therefore, it can avoid to cause the chattering phenomena. Moreover, in the closed-loop control system, the £2 gains from the disturbance to generalized outputs are made less than prescribed positive constants. The effectiveness of the proposed method is demonstrated by experimental results.
INTRODUCTION
At the macro level, it is well known that industrial motion control system has nonsmooth nonlinear characteristics, such as dead-zone, hysteresis, saturation, backlash, and so forth. These phenomena will cause the serious disadvantage on control performances for a precision positioning control. To take into account the nonsmooth nonlinearity is very important for high or ultra precision positioning of nano-order scale production system. Therefore, the research of nonsmooth nonlinearity has been great interest to control researchers for a long time.
In general, input nonlinear characteristics are often encountered in various areas of mechatronics. Dead-zone and hysteresis are most famous nonsmooth nonlinearity arisen in actuators, such as servo motors and hydraulic servo valves, etc. When the expected accuracy of the motion system is high, we have to compensate such nonlinear phenomena. But, unfortunately, the nonlinear parameters are poorly known, and it is hard to measure the output of nonlinear element. Furthermore, it is very difficult to identify a construction of such a nonlinear element.
Recently, based on the dead-zone inverse and hysteresis inverse, adaptive control methods are proposed [1] , [2] . A perfect asymptotical adaptive cancellation of an unknown dead-zone method was shown [5] , but, it is assumed that the output of the dead-zone is measurable. Recently, new piece-wise description of dead-zones has been proposed [8] . This description is organized as the linear for the dead-zone input term and bounded disturbance function term. Using this description, an approach for adaptive control of nonlinear system with dead-zones is proposed without using the dead-zone inverse method [8] . It is also shown that the hysteresis characteristics can be written as the linear for the input term and bounded disturbance function term and an adaptive control method is given [7] , [9] . But, both control strategy contains discontinuous function, i. e., sgn function which reflects the component for compensation of the bounded disturbance function. It has already been noticed that the controller contains sgn function, then it will induce the chattering phenomena. To avoid this problems, using saturation function method is proposed. It ensured that all the closed-loop signals are bounded and the state vector converges to prescribed region which depend on the design parameter e. But, it has already been noticed that if the controller design parameter e is chosen too small, the linear region of saturation function will be too thin, which cause a risk of exciting high-frequency fluctuations. Moreover, if we choose the controller design parameter e as nearly 0, then the controller contains a discontinuous structure, which may cause chattering phenomena. It means that the control strategy may have a performance limitation due to the discontinuous structure. For the practical applications, it is not suitable that there exist a trade-off between the design parameter and trajectory-following requirements.
In this paper, we propose a new adaptive control method without using the inverse method, saturation and sgn functions. Based on inverse optimal control strategy [3] , [6] , an adaptive X°°control method is given which controller can be designed without solving the Hamilton-Jaccobi-Isaacs equation. We can also show that the bounded disturbance can be compensated by the control input without using the discontinuous functions. zone with input u(t) and output w(t), it can be described by [8] w(t)
We make the assumptions that the dead-zone has the following properties:
(A]) The dead-zone output w(t) is not available for measurement.
(A2) The dead-zone slopes in positive and negative region are same, i. e., mr =,ml = m.
(A3) The dead-zone parameters br, bl, and m are unknown, but their signs are known: br > 0, bl < 0,
(A4) The dead-zone parameters br, bl, and m are bounded, i. e., each lower and upper bounds are known and it can be described as follows:
Then, dead-zone model (2) can be rewritten as follows:
where d(u(t)) can be described from (2) and (3) -mu(t) for bi < u(t) < br, (4) -mb1 for u(t) < bi.
where blnin is negative values.
When we regard an input nonlinearity as the hysteresis with input u(t) and output w(t), then it can be written as
where a, c and B1 are constants and c > 0 is the slope of hysteresis which satisfy as c > B1 [7] , [9] . In the previous research, the solution of (7) can be given as follows [7] w(t) = cu(t) + di(u) (8) dl(u) = (wo-Cuo))C-°(u-uo)sgniu ru + e-au sgn u (B1-c)°`((sgn )df (9) Moreover, it is already shown that d, (u) is bounded.
As we can see from (3) and (8), the output of deadzone and hysteresis can be treated as
where m is slope and d(u(t)) is unknown bounded disturbance. In this paper, we assume that the input nonlinearity can be described as (10). Id(u(t)) <p (5) where p is upper-bound of d(u(t)), which can be chosen as s(t) = ATx(t), with AT [An-1 (n p = max{mmaxbrmax:-mmaxblmin}, (6) (t) = X(t)-Xd(t). 
PREVIOUS RESULT
In this section, we shall introduce the previous research [8] which is based on adaptive control without constructing the inverse of the input nonlinearity. This method is for compensating the dead-zone element, but for hysteresis element, it is also proposed the similar adaptive control method [7] , [9] .
Based on the error equation (12), the following adaptive control strategy is given: u(t) = -kd s (t) + q5fd (t) +YT(X)-k* sat ((t)) where p is defined in (6) . It has been shown that the stability of the closedloop system described by (1), (2), (13), and (14) is ensured. Besides, all the closed-loop signals are bounded and the state vector x (t) converges to Qe x (t) | l;ii < 2'-'Ai-e, = 1, , for Vt > to. Remark 1. From the definition of Qe, the convergence region of x(t) is depend on e. The control input (13) and (14) includes the term sat (s(t)/E) which reflects the component for compensation of the bounded function d(u(t)). It has already been noticed that if e is chosen too small, the linear region of function sat (s(t)/E) will be too thin, which cause a risk of exciting high-frequency fluctuations [8] . Besides, if we choose the design parameter e as nearly 0, then the controller contains a discontinuous structure, which may cause chattering phenomena. It means that a control strategy (13) may have a performance limitation due to the discontinuous structure. Moreover, for the practical applications, it is not suitable that there exist a trade-off between the controller parameter e and trajectory-following requirements.
In the next section, we will develop a different adaptive control approach. Based on the inverse optimality method, an adaptive X°°control method without including the saturation function is proposed.
ADAPTIVE Hoc CONTROL METHOD
In this section, we shall propose an another adaptive control method, which will solve the problems as pointed in Remark 1. Our proposed adaptive control method is based on the inverse optimal control method [3] , [6] . It is ensured that the proposed controller can attenuate the effects of the bounded function d(u(t)) (i. e., disturbance) without using a discontinuous function. As a result, the closed-loop system is shown to be sub-optimal to the cost functionals which prescribe the L2-gains from the disturbance to the tracking error.
First of all, we give the virtual system as follows:
f(s(t)) =-kds(t),gl 1 By utilizing the aforementioned, the adaptive control method for (1) and (2) is constructed in the following way.
u(t) = -kdS(t) +~Ufd(t) + yT (X) + v(t), (18) (19)
We apply the estimation strategy (19) and (20) 
1T 1+
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Choosing v(t) as (21) and integrating both sides, then we can conclude that the all signals in the closed-loop system are bounded and the v(t) is a sub-optimal control input which minimize the upper bound on the cost functional (22). D Remark 2.
Since the above arguments, the bounded disturbance d(u(t))/m can be compensated by the control input (18) and (21). Theorem 1 shows that the L2 gain from the bounded disturbance d(u(t))/m to tracking error s(t) is prescribed by given constant y that is, the X°°control performance is attained adaptively for generalized output Whs2(t) + 5v2(t). Besides, it is shown that the overall system is bounded. Remark 3.
As a result, the proposed method is one of the highgain output feedback control method, but the control gain is determined by notion of X°°control method. Moreover, we can design the closed-loop system which can take into account of the trade-off between control performance and control input power. Remark 4 For the practical applications, the reference signal is often selected as iterative signals, the tracking error converges to zero in the steady state, but the error signal can not remove in the transient state. Then, the error signal is bounded but do not belong to L2, a gradient algorithm (19) and (20) can not ensure the desired properties of an adaptive parameter estimator, not even the boundedness of ( and . In such a case, we will apply the gradient algorithms with projection strategies for ( and b as follows [4] . 
EXPERIMENTAL RESULTS
We apply the proposed adaptive controller to a servo mechanism to show the effectiveness of the proposed method. The AC servo motor which shown in Fig.  1 Fig. 3 shows the error signal. As we can see Fig. 3 , Next, we give the experimental results using the normal estimation strategies (19), (20) and projection algorithms (26), (27). Fig. 4 shows that if we apply the projection algorithms, but the control performance does not deteriorate.
Moreover, to show the effectiveness of the projection algorithms, the signal which shown in Fig. 2 and estimated values of (, b using projection algorithms. 
CONCLUSIONS
The servo-motion control systems with input nonlinearity is considered and proposed an adaptive compensation method based on notion of X°°optimality. Deadzone and hysteresis models can be divided into unknown parameters term and bounded disturbance term and the adaptive X°°controller was given. Without solving the Hamilton-Jaccobi-Isaacs equation, a controller can be constructed because of this method is based on inverse optimality. As a result, the L2 gains from the disturbance to tracking error are made less than prescribed positive constants. Besides, gradient algorithms with projection method is applied to the estimation strategies for the practical applications. Experimental results are shown to illustrate the effectiveness of our proposed method. Especially, it is confirmed that the boundedness of the estimated values were ensured. In conclusion, it is shown that our proposed control strategy was effective for the practical applications. 
